Background
==========

Exposure to heavy metal toxicity has become a major limiting factor in the growth and yield of crop plants, affecting the sustainability of agricultural production and hence threatening food security. Heavy metal toxicity retards plant growth by marginalizing the cellular functions of proteins, lipids, and elemental components of thylakoid membranes. Disturbances in the thylakoid membranes, organelles indispensable for photosynthetic activity, are often correlated with senescence processes \[[@B1]-[@B3]\]. Among heavy metals, cadmium (Cd) and copper (Cu) have been known to hinder the growth of crop plants, especially rice plants. Rice paddies are contaminated by Cd/Cu in phosphate fertilizers, sludge, and irrigated water. Cd absorbed and transported inside rice plants can create severe health problems because rice is consumed on a daily basis \[[@B4]-[@B7]\]. Cu bioaccumulation inside plant tissues tends to disturb the enzymatic activities required for chlorophyll biosynthesis \[[@B2]\]. In addition, Cd/Cu influences leaf elongation, cell wall elasticity, potassium levels, and sugar accumulation \[[@B8]\].

Cadmium (Cd) and copper (Cu) are taken together with other elements (such as K, Ca, Mg, and Fe), through the transmembrane carrier from the root cortex to the stele \[[@B9],[@B10]\]. The uptake of heavy metals is influenced by metal-transporting transmembrane proteins, including Heavy Metal ATPases (HMAs), Low-affinity Cation Transporters (LCTs) and Iron-regulated Transporters (IRTs) \[[@B7],[@B11],[@B12]\]. These commonly known metal transport genes are located throughout the structure of plant which translocate a diverse set of metal ions \[[@B13],[@B14]\]. Previous studies in *Arabidopsis thaliana* have confirmed the physiological functions of the HMAs (AtHMA1, AtHMA2, AtHMA3, and AtHMA4) that is to detoxify zinc from chloroplast and signal Cd accumulation in the vacuoles and plasma membrane \[[@B15]-[@B18]\].

Cd/Cu causes the formation of reactive oxygen species (ROS) \[[@B10]\] that damage membrane permeability and function. Peroxides of polyunsaturated fatty acids generate malondialdehyde (MDA), the most abundant aldehydic lipid breakdown product \[[@B19]\] that indicates the levels of stress and injury to the functional membrane. To counteract these of stress conditions, plant hormones also play a central role. For example, jasmonic acid (JA) and salicylic acid (SA) are involved in defense-related signaling during stress conditions. In addition, abscisic acid (ABA), a stress-responsive hormone, is involved with stomatal closure to ensure plants do not lose a substantial amount of water \[[@B20]\].

To mitigate and reduce the negative effects of heavy metals, various prospects have been evaluated. Silicon (Si) has been found to serve as a beneficial element for plant growth and development \[[@B21]\]. It is the second most abundant element in soil and readily absorbed; terrestrial plants contain it at an appreciable concentration, 1% to 10% or even higher in plant dry matter \[[@B21]\]. Si is an essential component of rice plants and its accumulation is helpful in maintaining sustainable production \[[@B22]\]. The physiological functions of Si have been studied extensively and Si is known as an essential constituent of plants and fertilizers \[[@B21],[@B23]-[@B26]\]. Numerous studies have revealed that Si is a beneficial element to higher plants, particularly grasses and various cultivated crops like rice, wheat, tomato, and cucumber \[[@B21],[@B23],[@B27]-[@B30]\]. Over the last decade, studies have revealed the ability of Si to mitigate various biotic (plant diseases and pests) and abiotic stresses (heavy metals, drought, and salinity) in crop plants \[[@B20]\]. Ma et al. \[[@B31]\] has reported that Si influx and efflux strongly regulate a set genes, *Oryza Satica Low Silicon Rice 1* and *2* (*OsLsi1* and *OsLsi2*), in the plasma membrane of rice plant cells. *OsLsi1* is localized at the distal side of the cell while *OsLsi2* is confined to the proximal side of the same cell and both are arranged on casparian strips \[[@B31]\]. The role of these two genes in Si transport and stress conditions is still unknown. To understand these interactions, the aim of this study was to assess the role of *OsLsi1* and *OsLsi2* during heavy metal (Cd and Cu) exposure to rice plants under Si treatments. We also investigated the role of *HMAs* during heavy metal toxicity and their regulation during the application of Si. In response to metal stress, the regulation of the phytohormones salicylic acid, abscisic acid, and jasmonic acid were also analyzed.

Results
=======

Si improves rice plant growth under heavy metal exposure
--------------------------------------------------------

The effect of Si and heavy metal (Cu and Cd) treatments on rice plant growth was assessed after different time points (1, 5, and 10 days after treatment -- DAT; Figure  [1](#F1){ref-type="fig"}). The results showed that Si application significantly increased plant growth attributes as compared with the control plants (non-Si) under normal growth conditions. After 24 h exposure to heavy metal stress, Cu significantly affected the shoot and root lengths of rice plants as compared to Cd. After 5 and 10 days of Cu or Cd treatments, the shoot growth was significantly reduced as compared with control and Si treatment (Figure  [1](#F1){ref-type="fig"}).

![**Effects of heavy metal (Cu/Cd) with and without Si (1.0 mM) application on physiological parameters of rice plants.** Surveys of all the physiological parameters were recorded after 1, 5 and 10 days treatments (DAT). In the figure, number indicated different treatments (1- Control; 2-Si; 3- Cu; 4- Cd; 5- Cu + Si; 6- Cd + Si). **A** - chlorophyll contents; **B** - Shoot length; **C** - Root length; **D** - Shoot fresh weight; **E** - Root fresh weight of the rice plants. Bars represent means of 81 plants that is the sum of three replications per treatment ± standard error. Means denoted by the same letter were not significantly different at *P \> 0.05* by Duncan Multiple Range Test (DMRT).](1471-2229-14-13-1){#F1}

Metal stress has significantly decreased the root length of rice plants as compared to control plants under normal growth conditions. Treatment with Cd, in particular, significantly affected the root architecture and reduced the root length as compared with plants treated with Cu, Cu + Si or Cd + Si after 1, 5, and 10 DAT. In case of chlorophyll content, after one day, Si and Si + Cu had no significant difference as compared to control, but these treatments had higher chlorophyll than Cd, Cu, and Cd + Si treatments. After 5 and 10 days of treatment, the chlorophyll content was significantly higher in Si-treated plants as compared to metal stressed plants (Figure  [1](#F1){ref-type="fig"}).

The heavy metals treatment has adversely affected the biomass (shoots and roots) and phenotypic characters of rice plants. Although, there was no significant effect on the biomass or phenotypic characteristics after Si and non-Si treated metal stress after day 1 (Figure  [1](#F1){ref-type="fig"}). However, we observed a significant difference after 5 and 10 days of metal stress in Si-treated plants, where a significantly higher biomass (in fresh weight) of shoots and roots was observed. The biomass of the shoots and roots was also significantly different with Si treatment as compared to non-metal-treated control plants. In terms of phenotypic characteristics, leaf damage and necrosis were pronounced with Cd treatment (compared with Cu treatment) after 5 and 10 DAT. Phenotypic characteristics were also significantly ameliorated with Si application after 5 and 10-DAT because Si treatment with metal stress showed relatively lower rates of necrosis and leaf damage.

Si affects heavy metal transport in the roots of rice plants
------------------------------------------------------------

Cd/Cu ions concentration was measured in the rice roots after the application of metal stress and Si. Cd concentration was undetected in the control, Si and Cu treatments after 1, 5, or 10 days. However, Cd accumulation in rice plants with Cd-treatment was significantly higher than Si + Cd at 1, 5, and 10-DAT (Table  [1](#T1){ref-type="table"}). The Cd concentration was approximately 2.3, 2.4 and 1.9 fold higher in the Cd-treated rice compared to Si + Cd at 1, 5, and 10-DAT, respectively.

###### 

Ion concentrations of Cd, Cu and Si in the rice root under stress

  **Treatments**    **Ion concentrations (μmol g**^**-1**^**)**                     
  ---------------- --------------------------------------------- ------------------ ------------------
  **1-DAT**                                                                         
  Control                               ND                          20.8 ± 2.1 c     201.32 ± 3.21 d
  Si                                    ND                          37.8 ± 4.6 c      765.8 ± 39.8 c
  Cu                                    ND                        2777.4 ± 207.1 a    677.6 ± 22.7 c
  Cd                              611.5 ± 78.0 a                    39.2 ± 2.1 c      788.1 ± 58.4 c
  Cu + Si                               ND                        1374.0 ± 179.6 b   3482.6 ± 155.9 a
  Cd + Si                         263.2 ± 14.2 b                    28.0 ± 3.6 c     2104.2 ± 17.3 b
  **5-DAT**                                                                         
  Control                               ND                          24.5 ± 1.2 d      234.2 ± 5.2 d
  Si                                    ND                          45.0 ± 4.9 c      600.5 ± 8.9 c
  Cu                                    ND                        2398.3 ± 88.0 a     612.8 ± 65.7 c
  Cd                              934.0 ± 49.4 a                    45.6 ± 4.7 c      797.7 ± 54.2 c
  Cu + Si                               ND                        1903.4 ± 14.8 b    1778.8 ± 35.4 a
  Cd + Si                         399.6 ± 15.7 b                    37.7 ± 4.1 c     1383.7 ± 49.8 b
  **10-DAT**                                                                        
  Control                               ND                          31.3 ± 6.1 d      119.2 ± 2.4 d
  Si                                    ND                          48.8 ± 6.9 c      126.1 ± 9.0 d
  Cu                                    ND                        1433.8 ± 105.2 a    167.1 ± 14.3 c
  Cd                              680.7 ± 30.9 a                    51.0 ± 2.3 c      170.6 ± 45.0 c
  Cu + Si                               ND                         977.8 ± 16.8 b     390.9 ± 19.4 a
  Cd + Si                         342.0 ± 42.9 b                    49.5 ± 0.6 c      231.1 ± 61.7 b

Mean ± standard error from three replications per treatment. *ND*, Not detected; *DAT*, Days after treatment. In the column, the same letters indicate not significant difference (*P \> 0.05*) by Duncan's Multiple Range Test (DMRT).

The Cu concentration was not significantly different in the control, Cd, and Si + Cd treated plants at 1, 5, and 10-DAT. On the other hand, Cu accumulation was significantly higher in the Cu-treated plants as compared with the Si + Cu plants after 1, 5, and 10-DAT. The Cu accumulation was approximately 2.0, 1.2 and 1.7 fold higher in Cu-treated plants compared with the Si + Cu at 1, 5, and 10-DAT, respectively.

Si accumulation in rice roots was significantly different in Cd and Cu-treated rice plants compared to the control after 1, 5 and 10-DAT. However, the level of Si accumulation was significantly higher in plants treated with Si + Cu, or Si + Cd after 1, 5, and 10 DAT. Overall, the Si + Cu treatment accumulated Si in higher quantities in the roots compared to the Si + Cd rice plants after 1, 5, and 10-DAT (Table  [1](#T1){ref-type="table"}).

Si improves root morphology during metal stress treatment
---------------------------------------------------------

To assess the effects of metal stress and Si treatment on root morphology and structure, sections (2 cm) from the rice roots were obtained from each sample at 1, 5, and 10-DAT. Light microscopic analysis showed that the exodermis (EX), epidermis (EP), endodermis (EN) and cortex regions of the plants treated with Cd or Cu were slightly affected as compared to Si-treated control roots at 1-DAT (Figure  [2](#F2){ref-type="fig"}). The cellular spaces were wider in the non-Si-treated plant roots and the suberin lamellae were partially broken at instant places (arrow). In contrast, the suberin lamellae of the EX, EP, and cortex regions in the Si and metal-treated plants (Cu + Si and Cd + Si) were fully developed and lacked any visible deformities. In the cortex regions, the damage was more vigorous in Cu and Cu + Si compared with Cd and Cd + Si at 1-DAT (Figure  [2](#F2){ref-type="fig"}).

![**Cross section of rice root under Cu/Cd and with and without Si application for 1, 5 and 10 days (DAT).** Abbreviation in figure showed like CO: cortex, EX: exodermis, EP: epidermis, EN: endodermis, PH: phloem, ST: stele, XY: xylem. Bars = 100 μm in all the figures.](1471-2229-14-13-2){#F2}

The deleterious effects of Cd and Cu were more severe after 5 and 10-DAT. Although the stele and epidermal suberin lamellae were still intact, the EN and cortex regions were severely damaged and poorly differentiated. The root cellular apparatus was severely broken and damaged at 10-DAT after exposure to Cd and Cu stress. The Cu-treated roots, compared to Cd, were more deformed in shape and size; moreover, the Cu-treated tissue parts were poorly differentiated. In case of Si and metal treatment, endodermal suberin lamellae were closer to each other, while fewer walls were damaged in the Cd + Si plants compared to plants treated with Cd and Cu alone (Figure  [2](#F2){ref-type="fig"}). In Cu + Si and Cd + Si treatments, the negative effects of metal stress were substantially less, although the cortex cellular lamellae were broken at various places. These effects were more pronounced in Cu + Si compared with Cd + Si treatments. After 10-DAT, the adverse effects were further evident in the Cu + Si plants than in the Cd + Si plants. Altogether, this indicates that Si application has an ameliorative role in the Cd stress regulation (compared to Cu) in root morphology of rice plants.

Si regulates phytohormones during heavy metal stress
----------------------------------------------------

Plant hormones were regulated during the stress conditions with or without the application of silicon. Upon Cd/Cu treatments, the endogenous abscisic acid (ABA) content was significantly increased in 1 and 5-DAT. ABA was initially higher with Cu treatments as compared to Cd; however, the opposite was observed at 5-DAT. Although the ABA levels were still higher compared with the Si-treated control plants at 5-DAT, the application of Si significantly lowered the ABA levels under metal stress. At 10-DAT, the Cu or Cd treatment had slightly higher ABA levels compared to the control (Figure  [3](#F3){ref-type="fig"}). In Si treatment, the ABA content was significantly up-regulated with Si + Cd/Cu treatments compared to the control at 1 and 5-DAT and also with the sole Cd/Cu treatment at 10-DAT. The results suggest that Si initially counteracted the responses to heavy metal stress; however, with increasing stress periods, the stress-responsive ABA was exponentially activated.

![**Regulation of endogenous phytohormones in response to Si and heavy metal stress treatments.** The aerial parts of the rice plants were analyzed for signaling of abscisic acid (ABA), jasmonic acid (JA) and salicylic acid (SA) against 1, 5 and 10 days after treatments (DAT) of Si and metal. The hydroponic growth medium served as control. Bars represent means (of three replications) ± standard error. Means denoted by the same letter are not significantly different (*P \> 0.05*) as evaluated by Duncan Multiple Range Test (DMRT).](1471-2229-14-13-3){#F3}

The response pattern of endogenous jasmonic acid (JA) was different from ABA. In a previous study \[[@B30]\], Si application to rice plants reduced JA biosynthesis under wounding stresses. In this study, heavy metal stress caused a similar JA response. The JA content was significantly higher with sole Cd stress compared with Cu stress. In Si treatment, comparing the Si and Si + Cd/Cu treatment, the JA content from Cd/Cu treatments was significantly up-regulated. The JA level was not significantly different between the Si + Cd and Si + Cu treatments and the different stress periods did not affect the JA content during Si application. Our results suggest Si application reduces JA biosynthesis under heavy metal stress (Figure  [3](#F3){ref-type="fig"}).

Silicon application increased the synthesis of salicylic acid (SA) depending on the duration of the Cd/Cu stress (Figure  [3](#F3){ref-type="fig"}). The effect of SA biosynthesis was not significantly different between the Cd and Cu treatment alone at 1, 5, and 10-DAT. The SA content was 2 \~ 3 fold higher with Cu or Cd treatments than in the control, Si, Si + Cu, or Si + Cd treatments (Figure  [3](#F3){ref-type="fig"}). Si application and metal stress had no significant effect on the SA quantities at 1-DAT, but at 5-DAT and 10-DAT, the SA content was significantly higher in Cd compared to Cu (Figure  [3](#F3){ref-type="fig"}).

The results of our phytohormonal analyses showed that the content of ABA, SA and JA exponentially increase with Cd/Cu stress compared to Si treatments. Similarly, periodic exposure initially increased phytohormonal responses with Cd/Cu treatment compared to the Si treatments. We also observed cross-talk in the hormonal responses to Cd/Cu.

Si decreases lipid peroxidation activity and affects fatty acid composition under heavy metal stress
----------------------------------------------------------------------------------------------------

The level of lipid peroxidation was measured from the malondialdehyde (MDA) content (Figure  [4](#F4){ref-type="fig"}). Lipid peroxidation was significantly higher with the Cd/Cu treatments at 1 and 5-DAT compared to Si + Cd/Cu. The MDA level in plants with Si and metal stress after 1-DAT was not significantly different from the control; however, at 5 and 10-DAT, the MDA levels were significantly higher compared to control. The analyses also showed low level of lipid membrane degradation with Si application compared to non-Si plants under metal stress (Figure  [4](#F4){ref-type="fig"}).

![**Effects of heavy metal (Cu/Cd) with and without Si application on the lipid peroxidation (MDA) and fatty acid ratio.** The bars in MDA shows the mean ± standard error while the means denoted by the same letter are not significantly different (*P \> 0.05*) as evaluated by Duncan Multiple Range Test (DMRT). The bars in fatty acid ratio represent the mean values of three replicates.](1471-2229-14-13-4){#F4}

To further analyze the lipid membrane damage, three fatty acids (palmitic acid (C 16:0), linoleic acid (C 18:2) and linolenic acid (C 18:3) were quantified in rice plants treated with metals and Si (Figure  [4](#F4){ref-type="fig"}). The percentages of fatty acids at 1-DAT were not significantly different for all the treatments. At 5 and 10-DAT, however, the percentage of C 18:3 was significantly reduced with the Cd/Cu treatment compared to the control, and Cd/Cu with Si treatments had higher levels of C 18:3 compared to the Cd/Cu treatments alone (Figure  [4](#F4){ref-type="fig"}). C 16:0 and C 18:2 showed the opposite trend; at 1-DAT, there were no significant differences between the treatments, but at 5 and 10-DAT, these fatty acids were significantly higher in the Cd/Cu-treatment compared to the Si + Cd/Cu-treatments (Figure  [4](#F4){ref-type="fig"}).

Si inhibits expressions of *OsHMA2* and *OsHMA3* under heavy metal stress
-------------------------------------------------------------------------

According to previous reports of Hussain et al. \[[@B32]\], Andrés-Colás et al. \[[@B33]\], Courbot et al. \[[@B16]\], Lee et al. \[[@B14]\], Nocito et al. \[[@B34]\], and Satoh-Nagasawa et al. \[[@B12]\], heavy metal ATPases (encoded by the *HMA* genes) are key regulators of the heavy metal stress responses and transport in most of the higher plants. We assessed the expressions of *HMA* genes (*OsHMA2* and *OsHMA3*) in rice plants. The mRNA expressions of *OsHMA2* and *OsHMA3* were analyzed in Si, non-Si and Cd/Cu treatments (Figure  [5](#F5){ref-type="fig"}). The relative expression of *OsHMA2* at 1-DAT was significantly higher with Cd/Cu treatments compared to Si-treatments. *OsHMA2* was also higher with the Cd/Cu + Si treatments compared with sole Si and control but was significantly lower than the Cd/Cu treatments without Si. A similar tendency was observed at 5-DAT; however, at 10-DAT, *OsHMA2* was not exponentially expressed compared with the other treatments. The mRNA expression of *OsHMA3* was similar at 1 and 5-DAT, but after 10-DAT, it was significantly increased in the non-Si Cu rice plants compared with Si + Cd/Cu and Cd-treated plants (Figure  [5](#F5){ref-type="fig"}).

![**The mRNA expression of heavy metal transporter (*OsHMA2*and*OsHMA3*) and silicon accumulator (*OsLsi1*and*OsLsi2*) enzymes in the root samples of Si and Cu/Cd treated rice plants.** In the figure, number at the *x-axis* indicate 1 -- Control, 2 -- Si, 3 -- Cu, 4 -- Cd, 5 -- Si + Cu, 6 -- Si + Cd. Bars represent means (of three replications) ± standard error. Means denoted by the same letter were not significantly different at *P \> 0.05* by Duncan Multiple Range Test (DMRT).](1471-2229-14-13-5){#F5}

Si increases the expression of *OsLsi1 and OsLsi2* under heavy metal stress
---------------------------------------------------------------------------

The *Oryza sativa* low silicon genes (*OsLsi1* and *OsLsi2*) regulate Si influx and efflux in the roots of rice plants \[[@B31],[@B35]\]. To assess the heavy metal stress-induced regulation of these two genes with Si, we determined the mRNA expression level of *OsLsi1* and *OsLsi2* in rice plants (Figure  [5](#F5){ref-type="fig"}). The expression level of *OsLsi1* at 1-DAT revealed no significant differences between the Si alone, control, and Cd/Cu treatments; however, it was exponentially expressed in the Si + Cd/Cu-treated plants (Figure  [5](#F5){ref-type="fig"}). Similarly, the relative mRNA levels of *OsLsi1* were significantly down-regulated with Cd/Cu application at 5-DAT but highly up-regulated with Si and Si + Cd/Cu application (Figure  [5](#F5){ref-type="fig"}). At 10-DAT, the expression level of *OsLsi1* was down-regulated with the Cd/Cu treatments compared to the Si-treated plants. In the Si + Cd/Cu treatments, *OsLsi1* was also more expressed than with Cd/Cu treatments alone (Figure  [5](#F5){ref-type="fig"}).

A similar expression pattern was observed for *OsLSi2*. The relative mRNA level of *OsLsi2* at 1-DAT was up-regulated with Cd/Cu alone and Si + Cd/Cu treatment than in the Si-treated control. However, the expression of *OsLsi2* was more highly expressed with Si + Cd/Cu treatment compared to the Cd/Cu plants without Si (Figure  [5](#F5){ref-type="fig"}). At 5-DAT, the relative mRNA level of *OsLsi2* was significantly down-regulated with the Cd/Cu treatments compared with the control, Si alone and Si + Cd/Cu-treated plants (Figure  [5](#F5){ref-type="fig"}). At 10-DAT, the relative mRNA level of *OsLsi2* was significantly down regulated in Cd/Cu and Cd/Cu + Si than in the control and Si alone. Si application during Cd/Cu stress significantly activated the *OsLsi2* enzymes to counteract the negative effects of the heavy metals. Because there was no stress during the treatment with Si alone, *OsLsi1* and *OsLsi2* maintained their expression at 5 and 10-DAT.

Discussion and conclusions
==========================

Heavy metals released into the environment tend to accumulate in soils and become available to plants through their roots \[[@B36],[@B37]\]. In rice paddy fields, the heavy metals Cd and Cu are readily absorbed into rice roots, which are transported to the shoot parts through the symplastic pathway \[[@B4]-[@B7],[@B38]-[@B40]\]. An increased concentration of Cd/Cu causes the inhibition of cellular processes such as photosynthesis, electron transport, and lipid peroxidation due to the binding of these metals to sulfhydryl groups \[[@B2],[@B41],[@B42]\].

We found that Cd/Cu application significantly affects the growth of rice plants. The rice plants had a reduction in chlorophyll content after exposure to Cd/Cu. Chlorophyll degradation further reduced the shoot length and biomass of the rice plants after different heavy metal stress periods. In addition, the rice plants had a lower root length and biomass after an exposure to Cd/Cu stress. Langer et al. \[[@B43]\] and Liu et al. \[[@B44]\] previously found that heavy metals applied to rice plants caused a very weak root growth pattern and morphology while Si ameliorated this impact. In *Brassica napus*, Cd at a low concentration (5 μM) reduced the plant growth, chlorophyll content, and photosynthesis, leading to stomatal closure \[[@B45]\]. We observed similar negative effects in the root structure of the Cd/Cu-treated rice plants. However, these adverse effects were greatly minimized with exogenous Si-application. Various physiological parameters, such as shoot and root length, biomass, and chlorophyll content were significantly higher in the Si-treated plants compared to the control plants under heavy metal stress.

Our results further suggest that Si-treatment reduces the accumulation of heavy metals in rice roots. The accumulation of Cd/Cu inside the root tissues of Cd/Cu-treated plants was significantly higher compared with the Si + Cd/Cu-treatments. The effects of Si-application on the alleviation of Cd toxicity in our experiment were comparable to previous reports where 1.8 mM of exogenous Si increased the fresh weight of rice seedlings grown in solutions contaminated with Cd \[[@B46]\]. The non-Si-treated plants, on the other hand, were significantly affected by the negative effects of metal stress, as revealed in our micrographs of the rice roots. The root cell structure of the epidermis, exodermis, and cortex were seriously damaged with increasing durations of Cu or Cd stress, while the root structure was less affected by Si treatment. In addition, Cd/Cu accumulation was much more pronounced with Cd/Cu treatment alone compared to the Si-treated plants. This likely reflects the binding of heavy metals in a stable complex with further distribution inside the root, an activity minimized with the Si treatments compared to the non-Si plants. The possible mechanisms for Si inhibition of metal transport in plants may be due to the thickening of the casparian strips in the endodermis and cell wall of the xylem causing the deposition of lignin and Si in the cell walls of the dermal regions \[[@B47],[@B48]\].

In addition, excessive Cu induces leaf chlorosis due to peroxidative breakdown of the pigments and lipid membrane \[[@B5]\]. We found that Si modulated both leaf chlorosis and lipid peroxidation in rice plants. Lipid peroxidation indicates oxidative stress damage on the membrane due to metal toxicity \[[@B49]-[@B51]\]. The results demonstrate that lipid peroxidation was significantly higher in the Cd/Cu rice plants compared to the Si-control; however, MDA generation with Si + Cd/Cu treatments was significantly reduced. The degree of lipid peroxidation is usually measured by the concentration of secondary breakdown products derived from these initial hydroperoxides. Peroxides of polyunsaturated fatty acids generate malondialdehyde (MDA) on decomposition, and MDA is typically the most abundant individual aldehydic lipid breakdown product \[[@B52]\]. It has been estimated that more than 75% of the measured MDA is derived from α-linoleic acid \[[@B53]\]. Metal stress significantly reduced the percentage of α-linoleic acid, suggesting a higher attack from reactive oxygen species (ROS) at the lipid membrane compared to plants provided with Si. We conclude that having high concentrations of α-linolenic acid in chloroplasts and mitochondria, via the production of small oxygenated compounds such as MDA, signal and absorb ROS generated in these organelles. This proposed route for the elimination of ROS would be hemi-metabolic because it is initiated by non-enzymatic fatty acid fragmentation \[[@B54]\].

Alpha-linolenic acid, on the other hand, serves as a precursor of JA, a potent lipid molecule essential for signaling defenses during stress \[[@B30]\]. JA can act synergistically or antagonistically with other hormones, like salicylic acid (SA). SA plays a key role in regulating physiological processes, such as plant resistance to biotic and abiotic stresses \[[@B55]-[@B57]\], protection from ROS through antioxidant production, induction of gene expression, and absorption and distribution of elements under heavy metal stress conditions \[[@B57]-[@B59]\]. Higher levels of SA suggest an increased mitigation of ROS during metal stress. Interestingly, we found that Si treatment significantly lowers SA modulation during metal stress. While there was also a significant reduction of JA in the Si-treated plants under metal-induced stress, this is opposite to the effects we observed for Si on lipid peroxidation and fatty acid saturation. The release of α-linolenic acid from plant membrane lipids by stress-activated lipases is thought to provide a substrate for lipoxygenase and the subsequent synthesis of JA \[[@B54]\]. Because the Si-treated plants were less affected by metal stress, perhaps the rice plant is able to consume less α-linolenic acid for synthesizing JA. However, these dynamics are still unclear and extensive studies on Si and JA modulation during stress periods are required.

Abscisic acid (ABA), on the other hand, was significantly lower in Si-treated plants at 1-DAT and 5-DAT, but then increased at 10-DAT in the Si + metal-treated plants compared to the metal-treated plants. ABA plays an important role during many phases of the plant life cycle, including seed development and dormancy, and plant responses to various environmental stresses \[[@B20],[@B60]\]. Some studies have reported that ABA content increases in plants exposed to Cu and Cd pollution \[[@B61]\], resulting in reduced stomatal conductance and hence, affecting photosynthesis and chlorophyll synthesis. These effects were ameliorated with Si treatment during metal stress and thus less ABA was formed. In our results, the ABA level was significantly reduced with Si treatment. ABA has an antagonistic behavior with JA/SA biosynthesis during Si treatment, suggesting an active role of ABA during Si and stress application. This is further confirmed by gene expression profile indicating salinity stress and ABA biosynthesis (unpublished data).

Our results also showed that *OsLsi* expressions were significantly higher in Si-treated plants at 1, 5, and 10-DAT during Cd/Cu stress, while in the non-Si-treated plant these were not expressed or expressed at low levels. The results suggest an active accumulation of Si via the roots, permitting its efficient deposition in the roots and shoots (data not shown). *OsLsi2* is mainly expressed in the root parts at the plasma membrane \[[@B31]\]. Si deposition in the roots provides additional strength to the root structure for counteracting the intruding toxic metal ions, revealed in our micrographs after Cd/Cu stress. Large amounts of Si aggregate in the exodermis and endodermis \[[@B62]\] and after 1 and 5-DAT, we observed less damage to the exodermis and endodermis regions of the roots compared to the non-Si plants during Cd/Cu stress. Our results suggest a higher accumulation of Si in the roots reduced the influx of heavy metal. Thus, heavy metal transport was reduced in the Si treated plants compared to the non-Si plants. Similar results were revealed in the expression analysis of *OsHMA2* and *OsHMA3*. The results also showed that during Cu/Cd stress, the *OsLsi* genes were not activated vigorously compared to *OsHMA3*. However, after Si application in combination with the Cu/Cd treatments, both *OsHMA3* and *OsLsi* genes activated significantly to counteract the negative impacts of the metal stress. This further evidence supports our results of increase Si accumulation and amelioration of the plant growth attributes. This synergistic activation of *OsHMA3* and *OsLsi* genes also showed that during metal stress, the root morphology was less disturbed compared to sole application of Cu/Cd. In conclusion, the findings of our study suggest a protective mechanism of Si during heavy metal stress. These results suggest that the application of Si may be an effective method for controlling Cd/Cu transfer from contaminated paddy soil into the food chain.

Methods
=======

Plant material, Si and heavy metal application
----------------------------------------------

Rice Seeds (*Oryza sativa* L. cv Dongjinbeyo) were procured from the National Institute of Crop Science, Rural Development Administration, Republic of Korea. Seeds were surface sterilized with 5% sodium hypochlorite for 15 min and thoroughly washed with autoclaved double distilled water. The rice seeds were grown on autoclaved sand medium for seven days to obtain equal length seedlings. Rice seedlings were then transplanted to hydroponic media and further grown till twenty-one days in growth chamber. The growth chamber (KGC-175 VH, KOENCON) conditions were programmed for a 14-hour light (08:00 \~ 22:00; 30°C; relative humidity 70%) and 10-hour dark (22:00 \~ 08:00, 25°C; relative humidity 70%) cycle. Yoshida solution \[[@B63]\] was used as a growth medium for the rice seedlings in plastic pots (25 × 20 × 20 cm). Treatments were arranged factorially in a randomized experimental design with 27 plants per treatment. The treatments included (i) control (growth medium), (ii) sole Si, (iii) cadmium (Cd)/copper (Cu) and (iv) Si with Cd/Cu.

The twenty-one-day-old rice plants were treated with Si (Na~2~SiO~3~; 1.0 mM). The pH (5.1 ± 0.1) of the rice growth medium was maintained by adding HCl to inhibit the polymerization of the silicates \[[@B64]\]. An equivalent amount of Na (as NaCl) was also added to the zero Si-treated plants to compensate for the Na content of 1.0 mM in the Si-treated plants. Heavy metal stress was applied to the root zone of the rice plants by adding 100 μM cadmium (CdCl~2~)/copper (CuSO~4~). The metal stress was applied periodically for 1, 5, or 10 days. Each treatment was repeated in triplicate.

Rice plants were harvested after stress treatments, immediately frozen in liquid nitrogen, and shifted to -80°C. Prior to biochemical and hormonal analysis, plant samples were freeze-dried using a Virtis Freeze Dryer (Gardiner, NY, USA) for 4--7 days while for other experiments (such as mRNA expression analysis) fresh plant samples were used. The fresh shoot and root length were recorded after the treatment period. The chlorophyll contents were measured through a chlorophyll meter (SPAD-502 Minolta, Japan).

Determination of the Cd, Cu, and Si concentration in rice roots
---------------------------------------------------------------

After 1, 5, and 10 days, the Cd and Cu-treated rice plant roots (with or without Si application) were thoroughly washed with double distilled water. The roots were then soaked in 0.5 M HCl for 20 s, rinsed with double distilled water \[[@B65]\], and dried for 72 hours in an oven at 80°C. Rice root samples were weighted and ground to a fine powder, and then digested in 5 ml of a tertiary mixture of HNO~3~ : H~2~SO~4~ : HClO~4~ (10: 1: 4 (v/v/v)). The contents of Cd and Cu in the rice roots were determined with inductively coupled plasma (ICP) (Optima 7900DV, Perkin-Elmer, USA).

Microscopic analysis
--------------------

Rice seedlings' roots were fixed at 4°C in Karnovsky's fixative (2% glutaraldehyde, 1% paraformaldehyde, in 0.05 M sodium cacodylate, pH 7.2). Samples were thoroughly washed two times in 0.05 M sodium cacodylate buffer. The specimens were then dehydrated through a gradient ethanol series (30-50-70-80-90%-absolute ethanol, 15 min each), and cleared in propylene oxide. Finally, the specimens were embedded in Spurr's epoxy resin. The resin was polymerized in a dry oven at 70°C for 8 hours. Semi-thin sections were obtained using an ultra-microtome (MT-7000, RMC, USA) and then the sections were observed by differential interference contrast microscopy (Olympus, Japan).

Abscisic acid extraction and quantification
-------------------------------------------

The endogenous ABA content was quantified from the frozen samples by following the protocols of Qi et al. \[[@B66]\] and Kamboj et al. \[[@B67]\]. Aerial parts of the plant samples were extracted with 30 ml of extraction solution containing 95% isopropanol, 5% glacial acetic acid, and 20 ng of \[(±)--3,5,5,7,7,7--d6\]--ABA. The filtrate was concentrated by a rotary evaporator. The residue was dissolved in 4 ml of 1 N sodium hydroxide solution, and then washed three times with 3 ml of methylene chloride to remove lipophilic materials. The aqueous phase, brought to approximately a pH of 3.5 with 6 N hydrochloric acid was partitioned three times into ethyl acetate (EtOAc). EtOAc extracts were then combined and evaporated. The dried residue was dissolved in phosphate buffer (pH 8.0) and then run through a polyvinylpolypyrrolidone (PVPP) column. The phosphate buffer was adjusted to pH 3.5 with 6 N HCl and partitioned three times into EtOAc. EtOAc extracts were combined again and evaporated. The residue was dissolved in dichloromethane (CH~2~Cl~2~), and passed through a silica cartridge (Sep-Pak; Water Associates, Milford, Massachusetts, USA) pre-washed with 10 ml of diethyl ether: methanol (3:2, v/v) and 10 ml of dichloromethane. ABA was recovered from the cartridge by elution with 10 ml of diethyl ether (CH~3~-CH~2~)~2~O: methanol (MeOH) (3:2, v/v). The extracts were dried and methylated by adding diazomethane for GC/MS-SIM (6890 N network GC system, and the 5973 network mass-selective detector; Agilent Technologies, Palo Alto, CA, USA) analysis. For quantification, the Lab-Base (ThermoQuset, Manchester, UK) data system software was used to monitor responses to ions with an m/e of 162 and 190 for Me-ABA and 166 and 194 for Me-\[^2^H~6~\]-ABA.

Jasmonic acid extraction and quantification
-------------------------------------------

The endogenous JA level was quantified according to the protocol of McCloud and Baldwin \[[@B68]\]. The lyophilized aerial tissues parts were ground to a fine powder with a mortar and pestle. The powder (0.1 g) was suspended in a solution of acetone and 50 mM citric acid (70:30, v/v) and \[9,10-^2^H~2~\]-9,10-dihydro-JA (20 ng) was added as an internal standard. The extracts were allowed to evaporate overnight at room temperature to avoid the loss of volatile fatty acids. The resulting aqueous solutions were then filtered and extracted three times, each time with 10 mL of diethyl ether. The pooled extracts were then loaded on a solid phase extraction cartridge (500 mg of sorbent, aminopropyl). After loading, the cartridges were washed with 7.0 mL of trichloromethane and 2-propanol (2:1, v/v). The bound JA and the pertinent standard were eluted with 10 mL of diethyl ether and acetic acid (98:2, v/v). After evaporation of the solvents and esterification of the residue with excess diazomethane, the sample was adjusted to 50 μL with dichloromethane. The extracts were then analyzed by GC-MS (6890 N network GC system and the 5973 network mass selective detector; Agilent Technologies, Palo Alto, CA, USA). To enhance the sensitivity of the method, spectra were recorded in the selected-ion mode. For JA determination, the fragment ion was monitored at m/z = 83 amu corresponding to the base peaks of JA and \[9, 10-^2^H~2~\]-9, 10-dihydro-JA. The amounts of endogenous JA were calculated from the peak areas of JA compared to the corresponding standards. The experiment was repeated three times.

Free salicylic acid extraction and quantification
-------------------------------------------------

Free SA was extracted and quantified as described by Enyedi et al. \[[@B69]\] and Seskar et al. \[[@B70]\]. Freeze-dried aerial tissue samples were ground to powder form, and 0.1 g was sequentially extracted with 90% and 100% methanol by centrifuging at 10,000 × g. The combined methanol extracts were vacuum-dried. The dry pellets were resuspended in 2.5 ml of 5% trichloroacetic acid, and the supernatant was partitioned with ethyl acetate/cyclopentane/isopropanol (49.5:49.5:1, v/v). The top organic layer, containing free SA, was transferred to a 4 ml vial and dried with nitrogen gas. The dry SA was again suspended in 1 mL of 70% methanol. High-performance liquid chromatography (HPLC) analyses were carried out on a Shimadzu fluorescence detector (Shimadzu RF-10AXL, excitation and emission detected at 305 and 365 nm, respectively) fitted with a C18 reverse-phase HPLC column (HP hypersil ODS; particle size, 5 μm; pore size, 120-Å water; Additional file [1](#S1){ref-type="supplementary-material"}: Table S1). The flow rate was 1.0 ml/min. The SA analyses were repeated three times.

Determination of lipid peroxidation activity
--------------------------------------------

The extent of lipid peroxidation was determined by the method of Ohkawa et al. \[[@B71]\]. For this assay, 0.2 ml of 8.1% sodium dodecyl sulphate, 1.5 ml of 20% acetic acid (pH 3.5), and 1.5 ml of 0.81% thiobarbituric acid aqueous solution were added in succession in a reaction tube. Then 0.2 ml of root tissue homogenate extracted was added to 10 mM phosphate buffer (pH 7.0). The mixture was then heated in boiling water for 60 min. After cooling to room temperature, a 5 ml butanol/pyridine (15:1 v/v) solution was added. The upper organic layer was separated, and the optical density of the resulting pink color was recorded at 532 nm using a spectrophotometer. Tetramethoxypropane was used as an external standard. The level of lipid peroxides was expressed as micromoles of malondialdehyde (MDA) formed/gram tissue weight. The experiments were repeated three times.

Fatty acid analysis
-------------------

The root tissues of rice plants (1 g) were treated with 10 ml of hexane. The samples were then placed in a shaking incubator (150 rpm) at 50°C for 2 days. The supernatant was separated by centrifugation (1,200 × g at 25°C) followed by transfer into new tubes. Hexane was evaporated by passing air in an evaporating unit. The extracted material from each sample was placed in a screw-capped vial, and 5 ml of methylation solution (H~2~SO~4~/methanol/toluene 01:20:10 ml) were added. The sealed vial was heated in a water bath (100°C) for 60 min and allowed to cool to room temperature. Then 5 ml of water was added and shaken. The mixture was separated into two layers, and the upper layer was taken by Pasteur pipette and dried using anhydrous sodium sulphate for 5 min. One microliter of sample was directly injected into the GC using an automatic sampler (Agilent 7683B). GC-MS analysis was carried out on the Agilent Model 7890A series (Agilent, Dover, DE, USA) equipped with an Agilent 5975C MS detector and an Agilent 7683 autosampler, and a MS ChemStation Agilent v. A.03.00 was used. The GC-MS was equipped with a DB-5MS capillary column (30 m × 0.25 mm i.d. × 0.25 μm film thickness; J&W Scientific-Agilent, Folsom, CA, USA), while helium was used as a carrier gas with a flow rate of 0.6 ml/min in split mode (1:50). The injector temperature and detector temperature were 120 and 200°C, respectively. The column temperature was programmed from 50 to 200°C at 10°C/min and then finally held at 200°C for 5 min. The mass conditions were as follows: ionization voltage, 70 eV; scan rate, 1.6 scan/s; mass range, 30--450; and ion source temperature, 180°C. The components were identified based on their relative retention time and mass spectra compared with standards, Wiley7N, NIST library data of the GC-MS system, and data from the literature. The values of the fatty acids (palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid) were calculated in milligram/gram × 10^-1^.

RNA extraction and RT-PCR analysis
----------------------------------

The root samples of rice plants treated with heavy metals and Si were harvested in liquid nitrogen (after 1, 5, or 10 days) and immediately shifted to -80°C. Total RNA was extracted from rice plant samples using an RNeasy plant extraction minikit (Qiagen) according to the manufacturer's instructions. First-strand cDNA was synthesized from 1 μg of total RNA using an oligo (dT) 18 primer and the SuperScript first strand synthesis system was used for the reverse transcriptase polymerase chain reaction (RT-PCR). RT-PCR was performed in a 50 μl solution containing a 1 μl aliquot of the cDNA reaction, 0.2 μM of gene-specific primers, 10 mM dNTPs, and 1 unit of rTaq DNA polymerase. PCR conditions included 30 cycles of denaturation at 95°C for 45 s, annealing at 53°C for 45 s and extension at 72°C for 90 s. PCR products were barely visible when the agarose gels were stained with ethidium bromide. These products were separated by electrophoresis on a 1.0% agarose gel, blotted onto a nylon membrane, and hybridized with a ^32^P-labeled probe specific to each gene that was generated from the non-conserved 3′ end regions. The RT-PCR analyses were performed according to the method of Lee et al. \[[@B14]\], Ma et al. \[[@B31],[@B35]\] and Nocito et al. \[[@B34]\] (Additional file [2](#S2){ref-type="supplementary-material"}: Table S2). *OsAct1* was used as a standard gene.

Statistical analysis
--------------------

The data was statistically analyzed for standard deviation and error using Sigma Plot software (2004). The mean values were compared using Duncan's multiple range tests at *P* \< 0.05 (ANOVA SAS release 9.1; SAS, Cary, NC, USA).
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